[1] As a part of the Atmosphere/Ocean Chemistry Experiment (AEROCE), daily aerosol samples were collected in the marine boundary layer at Barbados, West Indies (13.17°N, 59.43°W), Bermuda (32.27°N, 64.87°W), and Mace Head, Ireland (53.32°N, 9.85°W), and in the free troposphere at Izaña, Tenerife, Canary Islands (28.30°N, 16.48°W; 2360 m asl). In this report, we use multiple variable regression analyses with methanesulfonate (MSA) and Sb and/or NO 3 À as the independent variables to assess the relative contributions of the marine biogenic and anthropogenic sources to the total non-sea-salt (nss) SO 4 2À concentrations at the AEROCE sites. On the basis of 2 years of data at Bermuda and Barbados, the marine nss SO 4 2À /MSA mass ratios (19.6 ± 2.1 and 18.8 ± 2.2) were consistent throughout the year and comparable to those at American Samoa in the tropical South Pacific (18.1 ± 0.9). At Mace Head (based on 1 year of data), this ratio was about 3.01 (±0.53). An analysis of the residuals and an assessment of the root mean square deviations indicate that the ratio at Mace Head can also be reasonably applied throughout the year. However, there is enough uncertainty during the winter that we cannot rule out a significant increase (to about 20) during periods with low concentrations of both MSA and NO 3 À . The results from 4 years indicate that the marine contribution is too low to permit a reasonable assessment of the biogenic nss SO 4 2À /MSA ratio at Izaña. The continental nss SO 4 2À /Sb mass ratio varies significantly from one location to another. At Bermuda, where North American sources are expected to dominate, the ratio is about 29,000, about a factor of 2 higher than the average of 13,500 at Mace Head where European sources dominate. Intermediate values occurred at Barbados (18,000) and Izaña (24,000) where both European and North African sources are significant. Estimates based on these ratios indicate that, on an annual basis, the contributions from anthropogenic sources account for about 50% of the total nss SO 4 2À in aerosols at Barbados, 70% at Bermuda, 85-90% at Mace Head, and about 90% at Izaña. If the same biogenic nss SO 4 2À /MSA ratios are applicable to rainwater, then the relative contributions in precipitation at Barbados and Bermuda are comparable to those in aerosols. 
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Introduction
[2] Recent modeling studies indicate that non-sea-salt (nss) SO 4 2À aerosols can exert a considerable influence on the climate both directly and indirectly. Because of their size distribution, nss SO 4 2À aerosols efficiently scatter shortwavelength solar radiation. Through their action as cloud condensation nuclei, they can also modify the reflectivity of clouds. Charlson et al. [1990 Charlson et al. [ , 1991 Charlson et al. [ , 1992 estimate that, through a combination of these effects, anthropogenic SO 4 2À aerosol currently reduces the net solar radiation at the surface of the earth by 1 -2 W m
À2
. This radiative loss is comparable in magnitude to the heating attributed to anthropogenic CO 2 . Hence, the radiative effects of anthropogenic aerosol SO 4 2À could at least partially explain the failure to observe the predicted warming due to increased CO 2 and other greenhouse gases. Nss SO 4 2À over the oceans is principally derived from two major sources: (1) reduced sulfur gases, primarily dimethylsulfide (DMS), produced by biological activity in the oceans and (2) sulfur compounds, primarily SO 2 , derived from anthropogenic sources on the continents. The relative and absolute concentrations of nss SO 4 2À derived from these two sources vary widely as a function of both time and location.
[3] Methanesulfonate (MSA), one of the stable endproducts of DMS oxidation by OH in the atmosphere, has frequently been used to estimate the magnitude of the marine biogenic contribution. However, the equilibrium nss SO 4 2À /MSA ratio resulting from production via DMS oxidation and loss via wet and dry deposition can vary significantly. The OH oxidation of DMS involves a complex sequence of reactions that are still not well understood despite substantial investigation [e.g., Hynes et al., 1986; Bürgermeister and Georgii, 1991; Barnes et al., 1996] . Even the kinetics and mechanism of the initial OH attack is still being investigated and refined with changes that significantly affect predictions of the relative importance of OH addition versus H abstraction under varying ambient conditions (A. J. Hynes, University of Miami, personal communication). The simple temperature-dependence of OH addition versus H abstraction as the single major cause for variations in the nss SO 4 2À /MSA ratio as suggested by Bates et al. [1992] is clearly questionable [Davis et al., 1998 [Davis et al., , 1999 Jourdain and Legrand, 2001] . Alternative oxidation pathways involving halogen radicals have also been suggested [e.g., Keene et al., 1996; Sciare et al., 2000] .
[4] Our limited understanding of the processes that produce the final equilibrium nss SO 4 2À /MSA ratios under given atmospheric conditions prevents us from accurately predicting the ratio under other circumstances. An accurate assessment of the biogenic nss SO 4 2À /MSA ratio is precluded in many circumstances by the concurrent presence of anthropogenic nss SO 4 2À . However, using a tracer for the anthropogenic input in addition to MSA for the biogenic component provides a means of independently estimating the contributions from both sources.
[5] During 1988, the Atmosphere/Ocean Chemistry Experiment (AEROCE) was instituted at four island sites in the North Atlantic Ocean (NAO) (Figure 1 ). Three of those sites were in the marine boundary layer: Barbados, West Indies (13.17°N, 59.43°W); Bermuda (32.27°N, 64.87°W); Mace Head, Ireland (53.32°N, 9.85°W). The fourth site, at Izaña, Tenerife, Canary Islands (28.30°N, 16.48°W) , is located on a mountain ridge and is typically in the free troposphere during the nighttime sampling periods. A major objective of this program is to assess the importance of the long-range atmospheric transport of sulfur and nitrogen species from anthropogenic sources relative to that from natural marine and atmospheric sources. To address this objective, bulk aerosol samples were collected at each of the sites and analyzed for NO 3 À , SO 4 2À , MSA, Na + , NH 4 + , numerous trace elements, 210 Pb, and 7 Be. These concurrent measurements provide a range of species which could potentially serve as tracers for natural and anthropogenic source contributions.
[6] In this report, we initially use Sb as a tracer for anthropogenic inputs of nss SO 4 2À at the three AEROCE stations that are located in the marine boundary layer. However, in some cases, we also use NO 3 À for that purpose. Sb was chosen as the primary anthropogenic tracer because, over the North Atlantic, it is believed to originate almost exclusively from anthropogenic sources on the surrounding continents with volcanic inputs potentially significant at times [Arimoto et al., 1992] . For example, the extremely low concentrations of Sb at American Samoa indicate that marine sources of Sb are probably negligible at the AEROCE sites even if they are assumed to be the major source in the tropical South Pacific (Table 1) . Moreover, our preliminary investigation showed that Sb and MSA were not significantly correlated at any of the North Atlantic sites. Sb exists at low concentrations in soil, and hence corrections for contributions from this source are usually not significant [Mason, 1966; Taylor and McLennan, 1985] . In fact, Arimoto et al. [1992] and Ellis et al. [1993] have shown that anthropogenic sources account for the dominant portion of the total Sb even at Barbados where the crustal component (in the form of Saharan dust) is substantially higher than that at any of the other AEROCE sites. These attributes contrast with those of other potential anthropogenic tracers such as Se which has a significant marine biogenic source and Vand Mn which have substantial crustal sources. Previously, Savoie et al. [1989a] used NO 3 À as a tracer for anthropogenic material at Barbados. Their data analysis suffered somewhat because of the strong temporal variations in the continental nss SO 4 2À /NO 3 À ratio during the late winter and spring at that location.
[7] To independently verify the results from the regression analyses, we also examine the nss SO 4 2À /MSA ratios in samples for which the 210 Pb concentrations were less than or equal to 0.1 mBq m À3 . Pb-210 is produced by the radioactive decay of 222 Rn for which the overwhelmingly predominant source is continental soils. Pb-210 concentra- À3 are expected to be indicative of marine air that is relatively free of continental influence, either natural or anthropogenic, on the species of interest. This level is about the maximum concentration that was measured at American Samoa (14.25°S, 170.58°W) during the Sea/Air Exchange Program (SEAREX) [Graustein and Turekian, 1988; Turekian et al., 1989] . Trace element concentrations indicate that, of all of the SEAREX stations, Samoa was least affected by continental sources . The maximum 210 Pb concentration at Samoa was actually 0.105 mBq m
À3
, but only 3 of 77 samples had levels above 0.1.
[8] In this report, we statistically evaluate temporal variations in the marine biogenic nss SO 4 2À /MSA and the continental nss SO 4 2À /Sb ratios in aerosols at each of the sites. The appropriate ratios are then used to assess the relative contributions of the marine and anthropogenic sources to the total nss SO 4 2À concentrations in aerosols at the three boundary layer sites.
Sampling and Analysis
[9] On Barbados, the aerosols are collected at the top of a 17-m aluminum walk-up tower located on a 30-m high rocky promontory at Ragged Point, near the easternmost point of the island. On Bermuda, we utilize two stations to enable us to sample winds from nearly all directions. The primary AEROCE station (Bermuda West), located on the west coast near Tudor Hill, is equipped with a 20-m walkup tower situated on a steep slope about 25 masl. At the ancillary, east coast site (Bermuda East), located on a 20-m cliff in Great Head Park, St. David's, the filter holder is mounted at the top of a 12-m fold-over tower. At Mace Head, Ireland (70 km west-northwest of Galway), the 20-m walk-up tower is on a rocky beach about 100 m from the shoreline. At Izaña, samples were collected on the roof of the central tower of the Global Atmospheric Watch station which is located at an elevation of 2360 m above sea level on the mountain ridge that forms the long axis of Tenerife.
[10] At all stations except Bermuda East, three concurrent samples were collected: one (on a Whatman-41 filter) for analysis of the major water-soluble ions; a second (also on a Whatman-41 filter) for analysis of trace elements; and a third (on a quartz filter) for analysis of natural radionuclides. Under normal sampling conditions in the marine boundary layer, the Whatman-41 filters have efficiencies of greater than 90% for nss SO 4 2À , Sb, and MSA and greater than 95% for NO 3 À [Savoie, 1984; Savoie et al., 1989a; Pszenny et al., 1993] ; the quartz filters are essentially 100% efficient for 210 Pb [Turekian et al., 1989] . To minimize contamination from local island sources, wind sensors are utilized to control the sampling pumps for the major ion and trace element samples [Arimoto et al., 1992 . At Izaña, samples were collected only at night 2000 to 0800 UTC when the station is in the lower free troposphere and boundary layer air does not typically impact the station [Maring et al., 2000] . The pumps for 210 Pb samples run continuously.
[11] Analyses of the samples for the major ions and trace elements were performed as previously reported in numerous publications [e.g., Savoie et al., 1989a Savoie et al., , 1992 Arimoto et al., 1992 Arimoto et al., , 1995 . For ion analyses, quarter sections of each filter are extracted with 20 mL of 18 M cm À1 Milli-Q water. Sulfate, MSA, and NO 3 À concentrations are measured with 1s uncertainties of ±5% using suppressed ion chromatography and Na + with a 1s uncertainty of ±2% by flame atomic absorption spectrophotometry. The concentration of SO 4 2À from sources other than the dissolved salts in seawater (nss SO 4 2À ) is calculated as total SO 4 2À minus the Na + concentration times 0.2516, the SO 4 2À /Na + mass ratio in bulk seawater [Millero and Sohn, 1992] . Sb and Al were analyzed by instrumental neutron activation. Uncertainties With the exception of the first lines for Sb, the values in parentheses are the sample standard deviations and the number of samples. Because Sb values were reported only for samples above the detection limit, we estimate ranges for the Sb means in the first lines for each station based on using values of zero (minimum) and detection limit (maximum) for all samples indicated as being below the detection limit. For these parameters, the values in parentheses are the number of concentrations reported/total number of samples analyzed.
a The values in the first row for each AEROCE station include all available analyses for the respective constituent within the cited period. The values in the second row are for the subset of samples for which concentrations were available for all of the first three species.
in the Al concentrations were about 10-15% for concentrations greater than about 10 mg/sample, increasing to about 25% at 5-10 mg/sample. At concentrations greater than about 20 ng/sample, the uncertainty in the Sb concentration was reasonably constant at 20 -30%, increasing to about 40% in the 10-20 ng/sample range and to 60% for concentrations of 5 -10 ng/sample. At lower concentrations than those specifically cited above, the uncertainties increased markedly due to variations in the blanks. The 210 Pb data, as determined from g-ray spectroscopy, were supplied by Karl K. Turekian and William Graustein (Yale University) with 1s precisions of ±10% or better.
Mean Concentrations
[12] For the time periods and sites that we consider, the mean concentrations for all MSA, nss SO 4 2À , NO 3 À , and 210 Pb measurements and for Sb measurements above the detection limit are presented in Table 1 . For comparative purposes, we also include the mean concentrations at American Samoa in the tropical South Pacific which is believed to be minimally impacted by the transport of materials from continental sources . The atmospheric pressure at Izañ a averages 770 hPa whereas the other stations are at sea level. To simplify intercomparisons, the ambient atmospheric concentrations measured at Izaña have been increased to what they would have been at a nominal sea level pressure of 1012 hPa, i.e. by dividing by a factor of 0.76.
[13] With regard to the pervasiveness of the impact of continentally-derived material over the North Atlantic, the 210 Pb concentrations are particularly revealing. The mean concentration of 210 Pb at American Samoa is 0.056 mBq m À3 . The means at the North Atlantic AEROCE sites are 4 to 9 times higher. Perhaps more informative, though, is the fact that the 210 Pb concentrations at the AEROCE sites rarely decrease to even the maximum concentration observed at Samoa, about 0.1 mBq m
À3
. Pb-210 concentrations less than or equal to 0.1 mBq m À3 occur in only about 6% of the samples at Barbados, 3% at Bermuda West, 18% at Mace Head, and 7% at Izaña.
[14] The most impressive difference between the NAO stations and Samoa is in the average Sb concentration with the means over the NAO being 100 to 600 times greater. At Samoa, only two of the 14 multi-week samples had Sb concentrations above the detection limit , and hence their concentrations (about 0.2 pg m À3 ) should be considered the maximum rather than the mean. Hence, the actual ratio of the means in the NAO to that at Samoa is likely to be significantly larger than those listed above.
[15] The pollutant impact over the NAO is also reflected in the mean NO 3 À concentrations although the ratios are much lower than those for Sb because of the significant NO 3
À concentration (about 0.1 mg m
) over the tropical South Pacific that is believed to be derived from natural atmospheric and/or oceanic sources [Savoie et al., 1989b] . Both the Sb and NO 3 À concentrations indicate that, of the four NAO sites, Barbados is, on average, least impacted by transport of continental pollutants. The ordering of the other sites is not consistent for Sb and NO 3 À , and hence the relative impact of pollutants at those sites cannot be assessed on the basis of these species alone.
[16] The large differences between the means at the AEROCE sites and those over the tropical South Pacific are indicative of the substantial influence of anthropogenic pollutants on the average particle chemistry over the entire NAO. However, the daily-mean pollutant concentrations vary by more than an order of magnitude at each of the stations. Hence, while there are periods at each station when the particulate pollutant concentrations are comparable to those in some continental areas near the sources, there are also periods during which the pollutant aerosol concentrations are low and the particulate chemistry is principally a function of natural marine and atmospheric sources.
[17] We can make a preliminary estimate of the amounts of nss SO 4 2À derived from DMS using the concentration of MSA in aerosols at Bermuda and Barbados. Saltzman et al. [1985] have suggested that the nss SO 4 2À /MSA ratio from DMS oxidation is reasonably constant in the subtropical and tropical marine boundary layer. Using a marine biogenic nss SO 4 2À /MSA ratio of 18.1 [Savoie et al., 1994] , we estimate that about 55% of the mean nss SO 4 2À at Barbados and about 70% of that at Bermuda are derived from continental sources. While these results are indeed preliminary, they suggest that the nss SO 4 2À concentrations at both of these sites are strongly impacted by continental sources. In the following discussion, regression analyses are used to more unambiguously assess the impacts of both the continental and marine sources on the nss SO 4 2À concentrations at each of the four AEROCE stations.
Regression Analyses
[18] For each of the stations, multiple variable regression analyses, with nss SO 4 2À as the dependent variable and MSA and Sb as the independent variables, were performed using a method that takes into account the uncertainties in each of the species. The sum of the squares of the perpendicular distances from the data points to the regression line is minimized in contrast to standard linear regression which minimizes the sum of the squares of the distances parallel to the axis of the dependent variable. The concentrations of each variable are first divided by its mean error variance so that the error surfaces are more nearly spherical rather than ellipsoidal in the case of two independent variables or circular rather than elliptical in the case of one independent variable. Environmental data sets usually violate the statistical assumptions underlying multiple variable regression analyses; distributions are frequently lognormal rather than normal and variances typically increase with increasing concentration rather than being homoscedastic. To account for the changes in the error variances, each data point was weighted on the basis of the reciprocal of the sums of the error variance of each measured variable being considered in the analysis. To further ensure that the regression parameters were not being unduly forced by the high concentration data and to test for potentially significant variations in the component ratios, the regression analyses were also performed on selected subsets of the data. In the case of Mace Head, we also use NO 3 À as an indicator of the anthropogenic component. Because NO 3 À is measurable in virtually all of the samples, the set of samples in which NO 3 À , nss SO 4 2À , and MSA were all measured is usually substantially larger than that in which Sb, nss SO 4 2À , and MSA were all measured. For each station, the nss SO 4 2À / MSA ratios in samples with 210 Pb concentrations less than 0.1 mBq m À3 are evaluated to further verify the appropriateness of the MSA coefficient derived from the regression analysis.
Barbados
[19] For the two years considered here, all three species (nss SO 4 2À , MSA, and Sb) were measured for 361 sampling periods; time series plots of all of the data are presented in Figure 2 . For each of the species, the mean concentrations from this 361-sample subset (Table 1) agree well with those from all of the analyses. The largest difference is for nss SO 4
2À which averages about 20% higher in the subset used for the regression analysis.
[20] The initial multivariate regression analysis using all 361 samples included an intercept. However, the intercept (0.094 ± 0.100) was less than 9% of the mean nss SO 4 2À and not significantly different from zero. Consequently, the intercept was not considered in subsequent calculations. Without the intercept, the regression equation is:
where all concentrations are in units of mg m
À3
. The coefficient of determination (r 2 ) in this case is 0.74, and the standard error in the nss SO 4 2À concentrations (SE nss ) estimated from this equation is 0.300 mg m
. None of the parameters differs significantly from those obtained if the intercept was included: r 2 = 0.74; SE nss = 0.298; and regression coefficients of 16.6 (±3.2) for MSA and 17,700 (±1300) for Sb. An important feature of this data set is that there is no significant correlation between the independent variables, r 2 (MSA,Sb) = 0.051. Consequently, the regression coefficients should be meaningful physically as well as statistically. The plot of the nss SO 4 2À concentrations predicted by equation (1) versus the measured nss SO 4 2À concentrations is presented in Figure 3 . 2À concentrations at Barbados, Bermuda West, and Mace Head. The estimated concentrations are calculated using equation (1) À concentration in this 45-sample set (0.172 mg m À3 , s = 0.080) is still about 50-60% higher than that at Samoa [Savoie et al., 1989b] . In these samples, the ratio of the mean nss SO 4 2À concentration (0.240 mg m À3 , s = 0.153) to that of MSA (0.0129 mg m À3 , s = 0.0057) is 18.6; the geometric mean nss SO 4 2À /MSA ratio is 18.0 with a standard geometric deviation (SGD) of 1.76.
[22] Additional analyses revealed that the residuals from equation (1) are not significantly correlated with dust load. The insignificant relationship with dust concentration supports our assumption that the Saharan soil material does not contribute substantially to the Sb concentrations measured at Barbados. Indeed, the Sb/Al ratios at Barbados vary over more than three orders of magnitude from 4 Â 10 [Taylor and McLennan, 1985] yield a Sb/Al ratio of 2.5 Â 10
À6
. Hence, the Sb/Al ratios in aerosol particles at Barbados range from about 2 to more than 4000 times higher than that of average crustal material with 90% of the ratios being more than 5 times higher.
[23] Of major concern was the possibility that the continental nss SO 4 2À /Sb ratio might vary substantially as a function of season. Previous studies [Ellis et al., 1993; Savoie et al., 1989a Savoie et al., , 1992 have shown that the ratios of a number of constituents at Barbados are reasonably constant during the summer (July through October) but vary substantially during the winter. In particular, the NO 3 À /nss SO 4 2À and Se/Sb ratios increase markedly when sources in sub-Saharan North Africa contribute significantly to the overall burden of continental material. The absence of a significant correlation between the residuals from equation (1) and season of the year provided a preliminary indication that the continental nss SO 4 2À /Sb ratio was reasonably constant. However, a more detailed analysis revealed that this ratio was, in fact, higher during periods of extremely high NO 3 À /Sb ratios. [24] We note first that the regression equation for the July through October samples is essentially the same as that from the full data set:
Nss SO with n = 223, r 2 = 0.67, and SE nss = 0.29 mg m
À3
. The initially calculated intercepts were À0.05 mg m À3 for equation (2) and 0.16 for equation (3), but neither was significantly different from zero.
[25] For a more detailed examination of the periods during which Se and NO 3 À are enhanced relative to nss SO 4 2À and Sb, we use the NO 3 À /Sb ratio. Use of this ratio avoids the potential problems associated with nss SO 4 2À and Se which both have strong biogenic components that would have to be taken into account. A plot of the nss SO 4 2À residuals obtained from the full data set regression equation versus the NO 3 À /Sb ratio revealed a significant relationship. For samples with NO 3 À /Sb ratios less than 50,000, the residuals are randomly distributed about zero. However, for the 49 samples (about 14% of the total) with NO 3 À /Sb ratios greater than 50,000, the residuals were far more frequently positive than negative, suggesting that at least one of the regression coefficients was not appropriate for these periods. A regression of the data from these samples alone yields the following equation:
with n = 49, r 2 = 0.75, and SE nss = 0.21 mg m À3 . This result clearly indicates that the anthropogenic nss SO 4 2À /Sb ratio can and sometimes does increase significantly when the sub-Saharan sources are a major contribution to the continental component. In contrast, the biogenic nss SO 4 2À /MSA ratio remains virtually identical to that from each of the previous analyses.
[26] Previously, Savoie et al. [1989a] used NO 3 À as an indicator of the anthropogenic material. Although the substantial variation in the nss SO 4 2À /NO 3 À ratio during the winter and spring precludes using the data for the full year, the regression results for the summer months (July through October) using NO 3 À in place of Sb provide for useful comparisons. With NO 3 À as one of the independent variables the intercept is highly significant and the final equation is: 2À /MSA calculated in this way is somewhat lower than that using Sb as the tracer, the results are certainly compatible with one another.
[27] All of the above results are consistent with the biogenic nss SO 4 2À /MSA ratio that was determined for the full data set, i.e. 19.6 (±2.1). There appears to be no significant seasonal variation in this ratio. The consistency in the ratio might initially be viewed as an indication that even very high concentrations of continental material (either natural soil dust or anthropogenic constituents) do not significantly alter the atmospheric processes that ultimately produce this ratio from the oxidation of DMS. However, when the concentrations of the continental material are very high, so also are those of anthropogenic nss SO 4 2À . Under these conditions, the biogenic nss SO 4 2À is comparable to the uncertainty in the total nss SO 4 2À concentration. Hence the relative uncertainty in the biogenic nss SO 4 2À /MSA ratio is extremely large, and it is not possible to determine from these data alone whether or not it differs significantly from that which occurs during periods of weaker pollutant transport.
[28] More than 85% of the time, the continental nss SO 4 2À /Sb ratio is consistent at a value of 18,000 (±1200). However, the latter ratio does appear to increase significantly (to about 30,000) when sub-Saharan sources comprise a major fraction of the continentally-derived aerosols. This feature indicates that the nss SO 4 2À /Sb ratio in the subSaharan aerosols may be substantially higher than that from sources in Europe and the Mediterranean coastal region of North Africa. The latter regions can potentially serve as sources for aerosols collected at Barbados throughout the year whereas the sub-Sahara can serve in that capacity only sporadically during the winter and spring, during periods when the intertropical convergence zone is sufficiently far south . Differences in the mix of combustion products from the two regions are to be expected. In Europe, coal and oil derivatives are the dominant fuels. In sub-Saharan Africa, fuels used for cooking, heating, etc. throughout much of the year include wood and agricultural and animal waste. From November through February, broad scale burning occurs in the savannah and tropical forest regions of northwest Africa south of the Sahara proper.
Izañ a, Tenerife
[29] Although the station at Izaña is not in the MBL, the results from that location serve two significant purposes: (1) they add to our knowledge of the spatial variation in the continental nss SO 4 2À /Sb ratio over the NAO; and (2) they show the extremely low levels of nss SO 4 2À in the FT that are derived from oceanic DMS emissions in this region. In contrast to the other sites considered here, sea-salt aerosol is virtually nonexistent at Izaña . Although low levels of water-soluble Na + do occur, the mean concentration (0.4 mg m À3 ) is about an order of magnitude less than at the boundary layer stations. Moreover, the Na + concentration correlates significantly with pollution elements. Hence, all of the sulfate at Izaña is attributed to nonsea-salt components. The mean MSA concentration at Izaña is a factor of 4 -10 lower than those at Barbados and Bermuda, indicating, as one might expect, a substantially weaker marine biogenic component at this free troposphere site. In fact, SO 4 2À does not correlate significantly with MSA at Izaña; the only strong correlation is with Sb (Figure 4) . Thus, the primary regression equation for SO 4 2À is:
Nss SO . Notably, the intercept does not differ significantly from zero, and its exclusion yields a coefficient of 23,600 (±2100) with no significant change in either r 2 or SE nss .
[30] The absence of a significant intercept is indicative of the minor role of marine biogenic SO 4 2À at this site. However, the insignificance of the intercept is partially a consequence of the high degree of variation in the continental SO 4 2À /Sb ratio. The presence of significant levels of MSA certainly suggests that at least some of the SO 4 2À is derived from the oxidation of DMS. Even if, for examination purposes only, we assume that the biogenic SO 4 2À /MSA ratio at this site were comparable to that at Barbados (on the order of 20), then a mean MSA concentration of 5 ng m À3 would imply a mean biogenic SO 4 2À concentration of about 0.1 mg m À3 which is within the uncertainty range of the intercept.
Bermuda
[31] At Bermuda, the mean concentrations of all of the species in the 206 samples of the subset that we use for the regression analyses are comparable to those from all of the analyses (Table 1) . The time series plots of all of the data from July 1988 through July 1990 are presented in Figure 5 . As at Barbados, there is a strong relationship of nss SO 4 2À with MSA and Sb and no significant correlation between MSA and Sb, r 2 (MSA, Sb) = 0.027. In the initial regression analysis, the intercept (À0.111) was, in absolute value, less than 4% of the mean nss SO 4 2À and, as at Barbados, was not statistically different from zero. Using all 206 samples without consideration of an intercept, we obtain the following regression equation:
with r 2 = 0.75 and SE nss = 1.22 mg m
À3
. Both regression parameters are similar to those that were obtained when the intercept was included: 19.9 (±2.8) for the MSA coefficient and 29,100 (±1300) for that of Sb. Exclusion of the intercept has no affect on either r 2 or SE nss within the two decimal-place precision that is shown. The plot of the nss SO 4 2À concentrations predicted by equation (8) versus the measured nss SO 4 2À concentrations is presented in Figure 3 .
[32] As at Barbados, the effect of the samples with very high pollution concentrations on the MSA coefficient was assessed by considering subsets of the data with the lowest Sb and 210 Pb concentrations. At Bermuda, there were only 26 samples (13% of the full data set) with an Sb concentration less than 20 pg m À3 , the maximum used in the Barbados analysis. The regression analyses using these samples resulted in an MSA coefficient of 20.5 (±4.3) and an Sb coefficient of 14,700 (±13,300) with r 2 = 0.41 and SE nss = 0.56. A similar regression using a maximum Sb concentration of 30 pg m À3 included 50 samples (24% of the full data set) and produced an MSA coefficient of 15.6 (±2.7) and an Sb coefficient of 30,200 (±5900) with r 2 = 0.36 and SE nss = 0.50. For the period 8 June 1988, to 1 January 1991, the 210 Pb concentration was less than 0.1 mBq m À3 in only 9 (2.7%) of the 333 samples that were analyzed for all three of the species MSA, nss SO 4 2À , and 210 Pb. The mean NO 3 À concentration in these 9 samples was 0.36 mg m À3 (s = 0.18) while Sb was below measurable levels in all of them. As at Barbados, the ratio of the mean nss SO 4 2À concentration (0.404 mg m
, s = 0.292) to that of MSA (0.0232, s = 0.0176), 17.5, does not differ significantly from the geometric mean ratio of 23.7 (SGD = 4.1) although, as one might expect with the limited number of samples, the uncertainty in the latter is substantial. In all of these cases, the results provide consistent estimates of the biogenic nss SO 4 2À /MSA ratio; none differ significantly from that obtained in the initial regression analysis, 18.8 ± 2.2.
[33] An evaluation of the monthly distributions of the residuals provided an assessment of the seasonal applicability of equation (8). For each month the frequency distributions of the residuals did not depart significantly from normality. Application of the Student's t-test revealed that none of the monthly mean residuals was significantly different from zero and application of the Wilcoxon signed rank test verified that none of the monthly medians of the residuals differed significantly from zero.
[34] During the summer, Saharan dust is sometimes transported to Bermuda [Arimoto et al., 1992; Ellis et al., 1993] . To assess the potential affect of the dust transport, regression analyses were run on subsets of the data for various ranges of Al concentration. The results are as follows: where the Al concentrations are in ng m À3 . In none of the cases, do the regression parameters differ significantly from those determined with the full data set (equation (8)).
[ (5)).
[36] The above results indicate that the biogenic nss SO 4 2À /MSA and the continental nss SO 4 2À /Sb ratios are rather constant throughout the year at Bermuda with values of about 18.8 (±2.2) and 28,600 (±1200), respectively. It could be argued that the lower continental nss SO 4 2À /Sb ratio during periods of extremely high Al concentration are a consequence of the admixture of continental air from North America with that from Europe and/or North Africa. In light of the much lower nss SO 4 2À /Sb ratios at Barbados (about 18,000), this possibility is certainly not unreasonable. However, occurrences of Al concentrations greater than 1000 ng m À3 are relatively rare, about 10% of the time in our sample set. As at Barbados, the consistency of the estimated biogenic nss SO 4 2À /MSA ratio suggests that the widely varying concentrations of anthropogenic components in these tropical and subtropical marine regions have no significant effect on the relative amounts of nss SO 4 2À and MSA that are produced from the oxidation of DMS.
Mace Head, Ireland
[37] For most of the species, the mean concentrations in the data set used for regression analyses at Mace Head are very similar to those from the full suite of samples. The obvious exception is Sb for which substantially higher concentrations occurred in the samples that were not considered for nss SO 4 2À and/or MSA. The primary cause of the discrepancy is that MSA was not analyzed in Mace Head samples that ran for less than 20% of the sampling period. Sb concentrations were frequently much higher in those samples. Because we consider only one year of data from this site, these low-run time samples have a more substantial impact on the means than comparable samples do at Bermuda or Barbados. For the one year period, there are only 47 samples that were analyzed for Sb as well as MSA and nss SO 4 2À . Consequently, we also investigate the nss SO 4 2À /MSA ratio using NO 3 À as an indicator of anthropogenic contributions; for this assessment, we use the 403 samples collected from 11 August 1988 to 1 July 1991. The time series plots of the concentrations of nss SO 4 2À , Sb, MSA, and NO 3 À for the period January 1989 to January 1991 are presented in Figure 6 .
With Sb as the Anthropogenic Tracer
[38] In our initial evaluation using the complete set of 47 samples in which all three of the pertinent species were measured, the regression parameters were calculated with and without the inclusion of an intercept. With an intercept of 0.52 mg m À3 , the regression coefficients were 2.43 (±0.81) for MSA and 13,400 (±700) for Sb with r 2 = 0.89 and SE nss = 0.57 mg m À3 . Comparable results were obtained without an intercept: regression coefficients of 4.35 (±0.89) for MSA and 14,400 (±900) for Sb with r 2 = 0.83 and SE nss = 0.71 mg m
À3
. As at Barbados and Bermuda, the independent variables MSA and Sb are not significantly correlated, r 2 (MSA,Sb) = 0.029. However, despite the high r 2 for the equations and the low value of r 2 (MSA,Sb), the residuals in both cases exhibited very significant seasonal concentration in all but one of the samples collected from September through April. In contrast there was a significant preponderance of overestimates for samples collected from May through August. Clearly, there was a problem in applying either equation to the full data set, and a more detailed analysis was necessary.
[39] We first concentrate on the summer months of May through August when the MSA concentrations are seasonally the highest (Figure 6 ). For the two years from January 1989 through December 1990, the mean MSA concentration during these four months, 155 ng m À3 , was more than an order of magnitude higher than the mean for the rest of the year, 13 ng m À3 . For the summer, the initial analyses showed that the intercept (0.35 ± 0.75) was not significantly different from zero. The final regression equation without the intercept is:
Summer : Nss SO 2À /MSA ratio at low 210 Pb concentrations are both rather large, these results indicate that the MSA regression coefficient for the summer is at least reasonably correct.
[40] In contrast to that for the summer, the intercept for the 36 winter samples was statistically significant. However, given the fact that the intercept is not significant for any other data set considered in this report, we present the results both with the intercept included and with it excluded. The final equations are: 2À /MSA ratio of 77 (SGD = 1.90). These extremely high ratios compared with those from the regression analyses suggest that, during the winter, anthropogenic sources have a very significant impact on the total nss SO 4 2À concentrations even when the 210 Pb concentration is very low. This result is not too surprising when one considers that the biogenic source during the winter is very weak.
[41] Overall, the regression results indicate that there is no significant difference between the winter and summer anthropogenic nss SO 4 2À /Sb ratios. The full range of the uncertainties in the coefficients (lowest value minus its uncertainty to highest value plus its uncertainty) indicates a pollutant nss SO 4 2À /Sb ratio of 13,600 ± 1700. In contrast, the biogenic nss SO 4 2À /MSA ratio appears to be a factor of four to five higher during the winter than during the summer. However, the apparent winter nss SO 4 2À /MSA ratio is clearly very uncertain. The variance in the MSA concentration during winter is relatively low and, consequently, has only a minor affect on the regression coefficients. Hence the calculated MSA coefficients may be more dependent on nonrandom variations in the anthropogenic nss SO 4 2À /Sb ratios or other relevant parameters than on the actual biogenic nss SO 4 2À /MSA ratio itself. In an attempt to more rigorously approach this issue, we consider the relationships based on the nearly order of magnitude larger data set using NO 3
À as an indicator of the anthropogenic source. 
with r 2 = 0.74, SE nss = 1.18 mg m
, and r 2 (MSA,NO 3 À ) = 0.054. First, it is notable that the MSA coefficient in this case is consistent with that obtained for the summer using Sb (equation (13)). However, in sharp contrast to that using Sb, the residuals from this equation exhibit no significant seasonal variation which suggests that the coefficients are applicable throughout the year. The plot of the nss SO 4 2À concentrations predicted by equation (16) 
with n = 114, r 2 = 0.68, and SE nss = 1.04 mg m
. A regression using the very low concentration samples, i.e. those that were deleted for the calculation of equation (20) 
with n = 132, r 2 = 0.28, and SE nss = 0.24 mg m
. In this case, the weak but significant correlation between MSA and NO 3 À , r 2À /MSA ratios also appear to be consistent throughout the year at a level of about 3. The results from the regression analysis indicates that, in the lowest concentration set, the ratio is a factor of about 6-7 higher.
[46] Because the lowest concentration data set comprises nearly one-third of all of the samples at Mace Head, the results from that set are important and require further discussion. If a ratio of 20 is reasonably correct, then the mean MSA concentration (4.4 ng m À3 ) in this set corresponds to a mean biogenic nss SO 4 2À concentration of about 0.090 mg m À3 . This level is about 30% of the total mean nss SO 4 2À in this set, 0.311 mg m
, and is certainly significant. However, it is important to point out that, for sea-salt Na + concentrations of 5 to 10 mg m À3 that are typical during the winter, the 0.090 mg m À3 estimated biogenic nss SO 4 2À accounts for only 3 -6% of the total SO 4 2À . Moreover, the root mean square deviation from the calculated value is only 0.024 mg m À3 less if the equation derived from this sample set is used (0.236) rather than that from the full data set (0.260). Hence, it is not unlikely that the apparent increase in the nss SO 4 2À / MSA ratios in these samples compared to the rest is a statistical artifact, i.e. spurious rather than real. Nevertheless the possibility that the biogenic nss SO 4 2À /MSA ratios in these samples are actually higher cannot be ruled out, and a potential reason for the higher ratios is discussed in section 5. 2À /MSA ratio in the free troposphere at Izaña could not be directly assessed, we do not include that station in our discussion.
Marine Biogenic

Tropical and Subtropical Marine Boundary Layer
[48] The marine biogenic nss SO 4 2À /MSA ratios at the two tropical and subtropical marine boundary layer stations, Barbados and Bermuda, are comparable with values of about 19.6 (±2.1) and 18.8 (±2.2), respectively. Moreover, these ratios are reasonably constant throughout the year and appear to be unaffected by the presence of even large amounts of Saharan dust and/or anthropogenic materials.
[49] In a previous analysis of earlier nss SO 4 2À data from Barbados, Savoie et al. [1989a] used NO 3 À as a tracer for the continental component along with MSA as a tracer for the marine source. Although the analysis suffered somewhat because of the significant temporal variations in the continental nss SO 4 2À /NO 3 À ratio during the winter and spring, their final estimate of the biogenic nss SO 4 2À /MSA ratio, about 15.2, is still comparable to our current results.
[50] Biogenic nss SO 4 2À /MSA ratios were recently inferred from the S isotopic compositions of 5 size-segregated aerosol samples collected at Bermuda during spring [Turekian et al., 2001] . The mass-weighted average ratio for size fractions with sufficient signal for reliable analysis (corresponding to 92% of nss SO 4 2À mass) was 10.2. This ratio is somewhat lower than but within the range of that estimated herein. Given the small number of samples and inherent variability in the system, these differences are not considered significant.
[51] The ratios at Barbados and Bermuda do not differ significantly from the total nss SO 4 2À /MSA ratio at American Samoa where nss SO 4 2À from continental sources is believed to be insignificant. We have recently analyzed 105 weekly aerosol samples collected at American Samoa during 1989 and 1990 [Savoie et al., 1994] . The combined data set of these results and those presented by Saltzman et al. [1985] from 22 earlier samples yields a geometric mean nss SO 4 2À /MSA ratio of 18.1 with a 95% confidence interval of 17.2 to 19.0. The comparability of the ratios in the tropical and subtropical NAO marine boundary with those in the relatively pristine regions of the tropical South Pacific supports the conclusion that the presence of anthropogenic species has no significant affect on the final nss SO 4 2À /MSA ratio resulting from the oxidation of DMS in the marine atmosphere. Similar ratios (about 21.5) were observed in five samples collected in the tropical and subtropical South Atlantic [Bürgermeister and Georgii, 1991] .
[52] We have also measured nss SO 4 2À and MSA in aerosols at the Bermuda East site and on the campus of the Rosenstiel School of Marine and Atmospheric Science (RSMAS), University of Miami, on Virginia Key, Miami, Florida. Although concurrent Sb concentrations were not measured in these samples, plots of nss SO 4 2À versus MSA for each of these data sets (Figure 7 ) are useful for comparative purposes. They also provide a visual indication of the seasons during which the nss SO 4 2À concentrations at each site are most frequently dominated by the marine source.
[53] The plot for Barbados aerosols shows that clean marine air at this site occurs most frequently during the winter with a few occurrences in the fall and spring. This is consistent with the large scale meteorology of the region. During the summer and early fall, the tropical and subtropical NAO is dominated by flow around the semipermanent Bermuda high-pressure center, and Barbados is always 2À scale is truncated to more clearly show the relationships for samples that are least affected by anthropogenic SO 4 2À . The solid lines are indicative of the biogenic nss SO 4 2À /MSA ratios as determined from the regression analyses; the dashed lines indicate the standard errors of those ratios. For Bermuda East, we assume a ratio identical to that for Bermuda West, and, for the Rosenstiel School of Marine and Atmospheric Science, University of Miami (Miami RSMAS), we assume a ratio and uncertainty that is a reasonable compromise of those at Barbados and Bermuda. located deep in the tradewind regime. Transport from Africa dominates during this period and, consequently, Saharan dust and anthropogenic components are virtually always present in significant quantities [Arimoto et al., 1992; Savoie et al., 1989a Savoie et al., , 1992 . In contrast, during the winter and spring, the continuous west-to-east movement of alternating high-and low-pressure systems across the midlatitude NAO results in dramatic variations in the large-scale meteorology and, consequently, in the air parcel trajectories to Barbados. During this part of the year, there are frequently periods lasting several days to a week when atmospheric transport from Africa to Barbados is impeded and the site experiences very clean air transported from high latitudes and high altitudes .
[54] The Bermuda plots (Figure 7 ) reveal a rather interesting contrast between the west end and the east end sites despite the fact that the lower limit of the points at both sites are reasonably well described by the same equation. Because the samplers are sectored to avoid sampling air that may be contaminated by sources on the island itself, the samplers at the two sites sample air from nearly complementary sectors of wind direction and with little overlap. The plots indicate that the west end site most frequently receives clean marine air during the spring while the east end site most frequently receives clean marine air during the fall.
[55] The RSMAS site is located on an island a few kilometers east of downtown Miami. Consequently, as one would expect, pollutant concentrations at that site are frequently very high. However, particularly during the summer when southeast winds prevail, clean marine air can dominate over the southeastern portions of the Florida Keys [Prospero, 1999] . The data plot for the RSMAS site (Figure 7) indicates that, while such events are rare, the nss SO 4 2À /MSA ratio during these periods is consistent with those at the more remote island sites.
High Latitude Marine Boundary Layer
[56] The marine biogenic nss SO 4 2À /MSA ratio at the high latitude site, Mace Head, is 3.01 (±0.53), about 6 times lower than that at the tropical and subtropical sites. As stated earlier, the ratio may be substantially higher (about 20) À yielded a ratio of about 4. Unfortunately, the authors did not provide information on the uncertainties associated with these estimates and, hence, it is not possible to determine whether or not the differences are actually significant.
[57] The dominating ratio (3.01) is consistent with the results from numerous studies that indicate that the biogenic nss SO 4 2À /MSA ratios are generally much lower in the high latitude regions than those in the tropics. For example, Bürgermeister and Georgii [1991] reported ratios of 3 -6.5 over the North Sea when air was advected from Arctic regions. Galloway et al. [1990] observed a median nss SO 4 2À /MSA ratio of 3.82 for aerosols in polar air masses over the NAO in contrast to a median of 20.8 for tropical marine air during the same experiment. Pszenny et al.
[1990] observed a similar latitudinal variation. The currently available data indicate that a similar or even lower ratio may be applicable at Heimaey, Iceland (63.40°N, 20.30°W), where we have been measuring nss SO 4 2À , MSA, and NO 3 À in aerosols since July 1991 . Although these ratios are substantially lower than those in the tropical and subtropical regions, they are still significantly higher than those near Antarctica. For example, the ratio at Palmer Station (64.77°S, 64.05°W), on the Antarctic peninsula is about 1.6 throughout the year . Ratios from samples collected aboard ships in the southern ocean are comparable, 1.3-1.9 [Berresheim, 1987; Pszenny et al., 1989; Bates et al., 1992] .
[58] The possibly higher ratio (about 20) at Mace Head during winter periods with very low nonmarine aerosol concentrations deserves some comment, particularly because this ratio is comparable to that in the tropics. We emphasize, however, that the evidence for a higher ratio in these samples is very weak. One potential explanation is that, when the regional emissions of DMS are extremely low, as they are during the winter in the high latitude North Atlantic, the major source of the MSA and biogenic nss SO 4 2À at Mace Head is long-range transport from lower latitudes. In this regard, it is notable that the monthly mean MSA concentrations during the winter at Bermuda, at Punta del Hidalgo, Tenerife, Canary Islands (Prospero and Savoie, unpublished data) , and at Barbados, 10 to 20 ng m
À3
, are a factor of about 5 higher than those at Mace Head, 1 to 4 ng m
. Consequently, any transport of biogenic DMS and/or its oxidation products from the midlatitudes will have a substantial, if not dominating, effect on their concentrations at Mace Head. Rapid transport in the boundary layer from the south is particularly favored from late fall to spring when low pressure systems pass to the south of Ireland during their west-to-east movement across the midlatitude North Atlantic. This situation contrasts with that during the summer when the MSA concentrations at Mace Head are comparable to or higher than those at the lower latitude sites. Moreover, during summer, the dominating effect of the Bermuda high substantially restricts boundary layer transport from low latitudes and trajectories to Mace Head are primarily from similar or higher latitudes (J. Merrill, University of Rhode Island, unpublished data).
Anthropogenic Non-Sea-Salt Sulfate/Antimony Ratios
[59] The anthropogenic nss SO 4 2À /Sb ratio ranges from a high of 28,600 (±1200) at Bermuda to a low of 13,600 (±1700) at Mace Head with intermediate values of 18,000 (±1200) at Barbados and 24,400 (±2100) at Izaña. North America is the dominant source for the pollutants that are transported to Bermuda [Arimoto et al., 1992 Chen and Duce, 1983; Galloway et al., 1989] . The strong Sb peaks at Mace Head occur concurrently with those of NO 3 À and nss SO 4 2À that have, in turn, been shown to be concurrent with those of chlorofluorocarbons measured at the colocated AGAGE site (P. G. Simmonds, unpublished data). These results suggest that the strong pollutant peaks at Mace Head are a consequence of rapid transport from Europe.
[60] The continental material that arrives in the marine boundary layer at Barbados is primarily transported in the free troposphere and mixed down into the MBL between Africa and the western Atlantic. Since the free tropospheric air is directly sampled at Izaña, one might expect that the anthropogenic nss SO 4 2À /Sb ratio at Barbados should be about the same as that at Izaña. Our results suggest that the anthropogenic nss SO 4 2À /Sb ratio at Barbados (18,000) is, in fact, about 25% less than that at Izaña (24,000). The lower ratio at Barbados may be due to a more rapid removal of nss SO 4 2À by both wet and dry deposition in the boundary layer. Our size distribution measurements at Izaña during Julys of 1994 showed that an average of 30% (n = 31, s = 6.2) of the nss SO 4 2À was associated with particles larger than 1.1 mm diameter when dust was present at concentrations greater than 20 mg m À3 . A likely cause of this feature is the reaction of pollutant SO 2 on Saharan dust particles. Sb, having no comparably stable gas phase species, would reside almost exclusively on the submicron particles typical of pollution aerosols which would have a relatively longer lifetime against deposition in the boundary layer.
[61] Our results indicate that the S/Sb mass ratios from anthropogenic sources range from about 4000 (Mace Head) to 10,000 (Bermuda). Unfortunately, there are few published data with which we can compare this ratio, and those that are available show a very large scatter from one location to another. For example, Cass and McRae [1983] estimated that, for the Los Angeles area in 1976, the emission rate of S from all pollution sources was about 2400 times that of Sb. Rahn's [1976] compilation of elemental proportions in 29 cities yield a mean S/Sb ratio that is an order of magnitude lower, only about 330. However, extensive data sets from Narragansett, Rhode Island, and Underhill, Vermont, yield S/Sb ratios of about 1900 and 5100, respectively [Rahn and Lowenthal, 1985] . The data from Barrie [1988] for Dorset, Ontario, yield a S/Sb ratio of about 2900 if only SO 4 2À -S is used and about 11,000 if SO 2 -S is included. Variations in European regions are likely to be as striking. A significant problem in this regard is that SO 2 which is frequently the major S species in urban areas near the major pollution sources undergoes oxidation to SO 4 2À during transport in the atmosphere. Hence the SO 4 2À /Sb ratio should increase early in the transport process while the ratio of the total pollutant S to that of Sb may not vary substantially. However, there are still likely to be substantial variations even in this ratio from one source to another. The coherency in the results from our island stations suggest that we are probably sampling reasonably well-mixed air masses containing S and Sb from large regions. Hence it is unlikely that comparisons of the S/Sb ratios over the oceans with those in specific continental areas will be very enlightening. However, this does not detract from the significance of substantial differences in the average ratios from one reasonably remote island or coastal site to another.
Relative Contributions From Marine and Continental Sources
[62] In this section, the regression parameters that were determined above to be appropriate for each station are used to assess the relative contributions of the marine biogenic and continental anthropogenic sources to the total nss SO 4 2À concentrations. Because (as is evident in Table 1) MSA and  nss SO 4 2À were usually measured in far more samples than all three of MSA, nss SO 4 2À , and Sb, we rely on the larger and hence more representative data set for this evaluation. The biogenic component is calculated as the product of the mean MSA concentration and the appropriate nss SO 4 2À /MSA ratio. The continental component is then calculated as the difference between the total nss SO 4 2À and the estimated biogenic fraction. However, for comparative purposes, we also include the results based on the more limited data set composed of only the samples for which all three species were measured. For Barbados and Bermuda, we perform similar calculations for precipitation based on the results presented by Galloway et al. [1993] .
[63] The results from Izaña are not considered in detail in this section because of the insignificant intercept in the nss SO 4 2À versus Sb equation and our inability to clearly address the biogenic nss SO 4 2À /MSA ratio at that site. We can only suggest that the average continental contribution to the total nss SO 4 2À concentration at Izaña is probably greater than 85%.
Barbados
[64] On annual timescales at Barbados, the results of our analyses indicate that the mean contributions of the marine and anthropogenic sources to the total nss SO 4 2À concentration are comparable. For example, for the 3-year period from September 1988 through August 1991, the mean nss SO 4 2À and MSA concentrations were 0.842 and 0.0202 mg m À3 , respectively, based on the analyses of 943 aerosol samples (Table 2) . If we use the nss SO 4 2À /MSA ratio of 19.6 from our regression analysis, the marine biogenic source contributed about 47 (±5)% of the mean total nss SO 4 2À during this period. For the 361 samples that were used in the regression analyses for equation (1), the anthropogenic source accounted for about 60% of the total nss SO 4 2À , and the marine biogenic source accounted for the other 40%.
[65] Based on the interrelationships between nss SO 4 2À , NO 3 À , and mineral dust, Savoie et al. [1989a] concluded that about 60% of the total nss SO 4 2À during the 3.5-yr period from mid-May 1984 through December 1987 was derived from continental sources and suggested that the remaining 40% was consistent with a marine biogenic source. The mean total nss SO 4 2À concentration for our 3-yr period is about 10% higher than that reported by Savoie et Figure 8 indicate that the relative contributions of the anthropogenic and biogenic sources at each of the sites vary significantly from one season to another. From July through October of every year, there is virtually continuous transport of material to Barbados with pollutants from Europe and the Mediterranean coastal region of North Africa and dust from the Sahara and/or Sahel. During this period, the anthropogenic contribution to the total nss SO 4 2À typically ranges between 60% and 80%. During the late winter and spring (February through June) when such transport is more sporadic, the anthropogenic contribution typically drops to between 40% and 60%. The minimum anthropogenic contribution (0% -40%) occurs during the months of November through January.
Bermuda
[68] For the assessment of the nss SO 4 2À sources in aerosols at Bermuda, we use a data set that is a composite of the results from the west and east end sites. Because the two sites sample winds from nearly complementary directions, the composite provides data that are more generally applicable to the region. The composite data set was formed as follows. No results were used for any sample that had an in-sector time of less than 10%. For concurrent single day samples at both Bermuda West and Bermuda East, there are three potential scenarios. If the samples from both sites were usable, then the concentration for the period was the mean of the two concentrations weighted by the volume of air sampled, i.e. a volume-weighted mean (VWM). If only one of the samples were usable, then its concentration was used exclusively. If neither were usable, then the concentration for the period was undefined. In some cases, multiple-day samples were collected at one or both sites. If the multipleday sample and at least one of the corresponding samples from the other site were usable then the concentration for the period was calculated as the VWM of all usable data for the multiple-day period. If the multiple-day sample were not usable, then only the samples from the other site were considered.
[69] Our results for the 2-year period from July 1989 through June 1991 using a biogenic nss SO 4 2À /MSA ratio of 18.8 (±2.2) indicate that the marine biogenic and North American anthropogenic sources account for about 30% and 70%, respectively, of the total mean nss SO 4 2À at Bermuda ( Table 2 ). The results from the 206 samples used in the regression analyses are comparable, about 28% biogenic and 72% anthropogenic. Similar percentages are also obtained if the same nss SO 4 2À /MSA ratio is applied to the Bermuda precipitation data for the same period. The VWM nss SO 4 2À and MSA concentrations at Bermuda were 4.38 mM and 0.078 mM, respectively [Galloway et al., 1993] . The MSA concentration indicates a biogenic nss SO 4 2À contribution of 1.47 mM, about 33% of the total VWM nss SO 4 2À .
[70] As at Barbados, the relative contributions of the marine and anthropogenic sources exhibit considerable variation from one month to another at Bermuda (Figure 8 ). The biogenic contribution is typically highest during the summer months when it frequently accounts for 50-70% of the total. During the winter, the biogenic component is often less than 20%. This seasonality is principally a consequence of two phenomenona. First, the biogenic component as indicated by MSA exhibits a reasonably strong maximum during the summer; average MSA concentrations from May through July (65 ng m
À3
) are a factor of 3.5 higher than those from November through January (18 ng m À3 ). Second, an analysis of isentropic trajectories indicates that transport from North America to Bermuda is most frequent during the winter [Ellis et al., 1993] . In contrast, trajectories to Bermuda during July and August are often from the tropical regions of the North Atlantic rather than from the continent.
Mace Head, Ireland
[71] The potential variation in the nss SO 4 2À /MSA ratio at Mace Head is certainly of some concern and is potentially very important for individual samples. However, in the overall assessment of the mean contributions, whether monthly or annually, the very low concentration samples have only a minor impact.
[72] If we assume that the biogenic nss SO 4 2À /MSA ratio of 3.01 (±0.53) is consistent throughout the year, then the biogenic source accounts for about 10-15% of the total annual average nss SO 4 2À at Mace Head ( Table 2) . The percentage exhibits a dramatic seasonal cycle. During the seasonal peak in the MSA concentration from May through July, the biogenic component contributes between 10 and 50% of the total nss SO 4 2À (Figure 8 ). This agrees well with the results presented by McArdle and Liss [1995] who reported that about 30% of the summer nss SO 4 2À at Mace Head was derived from DMS. The timing of this peak corresponds exactly with that reported for DMS in the surface seawater in the region of the British Isles [Turner et al., 1988] . The percentage drops to less than 3% during the winter months of December through February. Two particularly strong incursions of European pollution are evidenced in the high total nss SO 4 2À mean for the month of December 1990.
Conclusions
[73] With regard to estimates of the marine biogenic source to the SO 4 2À concentrations over the ocean, our results are important in several respects. First, the results for Barbados and Bermuda provide substantial support for the conclusion that the marine biogenic nss SO 4 2À /MSA is, on average, relatively invariant over the tropical and subtropical oceans. The mean ratios at Barbados (19.6 ± 2.1) and Bermuda (18.8 ± 2.2) do not differ significantly from that at American Samoa (18.1 ± 0.9). Moreover, this ratio does not appear to depend in any significant way on the concurrent concentrations of continentally-derived material either natural or anthropogenic. This conclusion is supported by two observations. First, the ratios at Barbados and Bermuda which are both substantially impacted by material of continental origin are virtually identical to that at American Samoa where the continental contributions are believed to be minimal. Second, the estimated ratios at Bermuda and Barbados are virtually identical whether one considers the full data sets or truncated data sets consisting of those samples that are least impacted by continental sources.
[74] The estimated biogenic nss SO 4 2À /MSA ratio at Mace Head (3.01 ± 0.53) supports previous research that indicates that the ratio is substantially lower at high latitude locations. However, the results for Mace Head do not support the hypothesis that the change in the ratio is a consequence of the temperature dependency of the relative importance of addition versus abstraction in the initial attack by OH radical. If that were the case, the ratio would be expected to decrease markedly during the winter, on the contrary, our results indicate that there is no significant seasonal variation. If the ratio of about 20 that is estimated from the winter samples with very low aerosol concentrations is, in fact, real, then the variation is in the direction opposite to that which would be expected. However, if the latter ratio is indeed real, it could just as easily be attributed to the transport of material from more biologically productive regions in the lower latitudes.
[75] Our estimates of the relative contributions of the marine and anthropogenic sources to the total nss SO 4 2À concentrations attest to the substantial impact that man's activities have on the chemistry of the atmosphere over a large area of the NAO. On an annual basis at all three of the North Atlantic stations, the contribution to the total nss SO 4 2À from anthropogenic sources is comparable to or greater than that from the marine biogenic source, accounting for an average of about 50% of the total nss SO 4 2À at Barbados, 70% at Bermuda, and 85 -90% at Mace Head. On shorter timescales the relative contributions from the two sources vary substantially. The seasonal variations at Mace Head are particularly dramatic with monthly mean anthropogenic contributions ranging from less than 1% to nearly 50%. On timescales of a day or less, the percentages probably range over the full scale from 0% to 100% at each of the sites.
[76] We emphasize that our estimates of the anthropogenic nss SO 4 2À /Sb and nss SO 4 2À /NO 3 À ratios and of the biogenic nss SO 4 2À /MSA ratios are averages based on reasonably large data sets. Given the large variations in the anthropogenic ratios that have been measured in continental areas, it is likely that sample to sample variations in these ratios are also evident at the more remote sites. Complex schemes that have been suggested for the oxidation of DMS to SO 2 , nss SO 4 2À , MSA, dimethylsulfoxide, dimethylsulfone, and other species [e.g., Jensen et al., 1992; Yin et al., 1986] as well as for the subsequent oxididation of SO 2 to nss SO 4 2À in the gas phase, aerosol solutions, and cloud water [Clegg and Toumi, 1998; Keene et al., 1998 ]. These complex schemes coupled with the associated and often significant differences in the particle size distributions of nss SO 4 2À and MSA [Saltzman et al., 1983 [Saltzman et al., , 1986 Huebert et al., 1996; Pszenny, 1992; Zhu et al., 1989 ] make it quite likely that the biogenic nss SO 4 2À /MSA ratio also varies significantly from one sample to another. In fact, the deviations of the individual sample nss SO 4 2À /MSA ratios from the mean at American Samoa may be driven in part by such variations [Savoie et al., 1994] . Variations in the composition of both the anthropogenic and biogenic components could, conceivably, account for much of the scatter in the plots of estimated versus measured nss SO 4 2À concentration at each station. Consequently, when attempting to estimate the anthropogenic and biogenic contributions to total nss SO 4 2À concentrations in individual samples or in small data sets, we recommend that the potential variations in these ratios be rigorously assessed. It is also important to recognize that, if biogenic nss SO 4 2À /MSA ratios increase systematically with increasing particle size [Turekian et al., 2001] , then production ratios of biogenic nss SO 4 2À /MSA from DMS oxidation must be greater than the corresponding concentration ratios in ambient aerosols to sustain the relatively greater dry-deposition fluxes of biogenic nss SO 4 2À .
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